The blood-testis barrier (BTB) is an important ultrastructure in the testis, since the onset of meiosis and spermiogenesis coincides with the establishment of a functional barrier in rodents and humans. It is also noted that a delay in the assembly of a functional BTB following treatment of neonatal rats with drugs such as diethylstilbestrol or adjudin also delays the first wave of spermiation. While the BTB is one of the tightest blood-tissue barriers, it undergoes extensive remodeling, in particular, at stage VIII of the epithelial cycle to facilitate the transport of preleptotene spermatocytes connected in clones across the immunological barrier. Without this timely transport of preleptotene spermatocytes derived from type B spermatogonia, meiosis will be arrested, causing aspermatogenesis. Yet the biology and regulation of the BTB remains largely unexplored since the morphological studies in the 1970s. Recent studies, however, have shed new light on the biology of the BTB. Herein, we critically evaluate some of these findings, illustrating that the Sertoli cell BTB is regulated by actin-binding proteins (ABPs), likely supported by non-receptor protein kinases, to modulate the organization of actin microfilament bundles at the site. Furthermore, microtubule-based cytoskeleton is also working in concert with the actin-based cytoskeleton to confer BTB dynamics. This timely review provides an update on the unique biology and regulation of the BTB based on the latest findings in the field, focusing on the role of ABPs and non-receptor protein kinases.
Introduction
The concept of the blood-testis barrier (BTB) dates back to more than 100 years ago when dyes administered to rodents failed to stain the brain and the testis, illustrating the presence of the blood-brain barrier (BBB) and the BTB in mammals (for reviews, see Setchell (2008) , and Mruk & Cheng (2015) ). Subsequent studies have shown that the BTB is very different from the BBB and other blood-tissue barriers, such as the blood-retinal barrier, since these other blood-tissue barriers are contributed almost exclusively by the tight junction (TJ) barrier between endothelial cells of the microvessels, such as those found behind the brain and the retina (for reviews, see Campbell & Humphries 2012 , Easton 2012 . Instead, the BTB is constituted by specialized junctions between adjacent Sertoli cells located near the basement membrane in the seminiferous epithelium which is composed of actinbased TJ, basal ectoplasmic specialization (ES), and gap junction (GJ), as well as intermediate filament-based desmosome (for reviews, see Mruk & Cheng (2004) , Pelletier (2011) and ) (Fig. 1) . In short, endothelial TJ barrier of the microvessels located in the interstitium between seminiferous tubules contributes virtually no barrier function to the BTB. Interestingly, since the initial discovery of the BTB, relatively few functional studies were performed beyond the collection and quantification of constituents in biological fluids in the seminiferous tubule, rete testis, and interstitial fluid for comparison to blood plasma and/or serum. Findings from these studies have illustrated the significance of the BTB in the mammalian testis by restricting the flow of ions, proteins, electrolytes, sugars, and other biomolecules across the barrier (for a review, see Setchell & Waites (1975) ). Morphological studies performed in the 1970s have shown that the BTB physically divides the seminiferous epithelium into two functional compartments: the basal and the adluminal (apical) compartments. As such, the events of mitosis for self-renewal of spermatogonial stem cells (SSCs) and undifferentiated spermatogonia, and the differentiation of type B spermatogonia to preleptotene spermatocytes all take place outside the BTB at the basal compartment. However, meiosis I/II and the entire events of postmeiotic spermatid development (i.e., spermiogenesis) and the release of sperm at spermiation all take place behind the BTB in a specialized microenvironment known as the adluminal compartment (Fig. 2) . While the BTB is considered to be one of the tightest blood-tissue barriers, it continuously remodels throughout the epithelial cycle of spermatogenesis to allow the entry of selected substances/biomolecules necessary to support meiosis I/II and spermiogenesis. It also restructures itself to allow the transport of preleptotene spermatocytes across the barrier at stage VIII of the epithelial cycle so that these spermatocytes enter the adluminal compartment to be differentiated into leptotene, zygotene, and pachytene spermatocytes to prepare for meiosis I/II which takes place at stages XII and XIV in the mouse and rat respectively (for reviews, see Hess & de Franca (2008) and ). In this context, it is noted that the epithelial cycle of spermatogenesis in the mouse and rat testis is divided into stages I-XII and I-XIV respectively (for reviews, see Clermont (1972) , Parvinen (1982) , Hess & de Franca (2008) and Xiao et al. (2014a) ).
Since the 1970s, when the ultrastructures of the BTB were reported in detail (Fawcett et al. 1970 , Fawcett 1975 , Setchell & Waites 1975 , Russell 1977a , 1978 , few studies have examined the role of the BTB in spermatogenesis until this past decade. There are some incentives to better understand BTB functionally in recent years among investigators who seek to develop male contraceptives that exert their effects on germ cell maturation and/or meiosis behind the BTB, since it poses a barrier that limits the uptake of drugs into the testis (Grima et al. 2001 , Hild et al. 2001 , Cheng et al. 2005 , Hild et al. 2007 , Tash et al. 2008 , Amory et al. 2011 , Chung et al. 2011 . Studies have shown that multiple drug transporters are highly expressed by Sertoli cells which thus significantly reduce the bioavailability of many potential contraceptive drugs under investigation and development (for reviews, see and ). In short, the BTB not only poses an important barrier to protect harmful substances from reaching the adluminal compartment to perturb spermatogenesis but also restricts the access of potential male contraceptives to disrupt spermatogenesis transiently, rendering these contraceptives less effective. This thus potentiates the toxicity of these contraceptives because higher concentrations of these drugs are required to be administered. In this review, we highlight some of the latest developments in the field regarding the biology of the BTB, since several recent reviews have addressed some other interesting aspects of the BTB biology (for reviews, see Mital et al. 2011 , Pelletier 2011 , Franca et al. 2012 , Kaur et al. 2014 , Mruk & Cheng 2015 . In particular, we will focus on the regulation of Sertoli cell cytoskeletons by actin-binding proteins (ABPs), the intrinsic activity of which may be modulated through non-receptor protein kinases to regulate the plasticity of the barrier.
Structure and function of the BTB

Structural features
Unlike other blood-tissue barrier, TJs at the BTB formed between adjacent Sertoli cells near the basement Figure 1 A schematic drawing illustrating the various junction types and their structural and spatial relationship to the actin-and MT-based cytoskeletons at the Sertoli cell BTB. In the mammalian testis, such as in rodents, the BTB is constituted by TJ, basal ES, and GJ that utilize actin microfilaments for their attachment, as well as intermediate filament-based desmosome, as shown in this 3-D schematic drawing. Endothelial TJ in microvessels located in the interstitium contributes virtually no barrier function to the BTB. The corresponding protein complexes of TJ (e.g., occludin-ZO-1), basal ES (e.g., N-cadherin-b-catenin), GJ (e.g., connexin43-plakophilin-2), and desmosome (e.g., desmoglein-2-plakoglobin-2/ desmoplakin) confer cell adhesion between adjacent Sertoli cells. Actin microfilaments are polarized structures and are arranged as bundles, which together with the nearby polarized MT also provide the track for the transport of germ cells in particular spermatids and other organelles (e.g., phagosomes and endocytic vesicles) across the seminiferous epithelium besides conferring unparalleled adhesive strength to the BTB during the epithelial cycle of spermatogenesis.
membrane of the seminiferous epithelium are surrounded by actin filament bundles, found on both sides of the Sertoli cell, that lie perpendicular to the Sertoli cell plasma membrane and sandwiched between the cisternae of endoplasmic reticulum and the plasma membrane (for reviews, see Fawcett (1975) and Setchell & Waites (1975) ), making the BTB a unique blood-tissue barrier (Fig. 1 ). These two arrays of actin microfilament bundles that enforce and support the TJ between adjacent Sertoli cells create a unique ultrastructure known as the ES, and due to its restrictive presence near the basal compartment, it is called basal ES (Russell 1977a (Russell , 1978 . Also, ES is found at the Sertoli-spermatid interface, similar to the basal ES ultrastructurally except that the actin microfilament bundles are only detected in the Sertoli cell, and it is restrictively present in the apical compartment; thus it is named apical ES (Russell 1977b) . Subsequent studies have shown that the actin microfilament bundles at the basal ES also support the function of GJ, and as such, the BTB is comprised by both TJ and GJ and are intimately supported by actin microfilaments of the basal ES (for reviews, see Vogl et al. (2008) Figure 2 A schematic drawing illustrating the molecular mechanism by which preleptotene spermatocytes are transported across BTB at stage VIII of the epithelial cycle. The cross-section of a stage VII seminiferous tubule on the left panel illustrates that the intact BTB is conferred by adhesion protein complexes of the actin-based TJ, basal ES, and GJ, as well as the intermediate filament-based desmosome. The apical ES is also intact which is conferred by the corresponding adhesion complexes of nectin-afadin and b1-integrin-laminins. Preleptotene spermatocytes transformed from type B spermatogonia are first detected at stage VII and are being transported across the BTB, when apical ES also undergoes degeneration to prepare for spermiation as noted in a stage VIII tubule shown on the right panel. Biologically active laminin fragments (e.g., F5 peptide) generated by MMP2-induced proteolytic cleavage of laminin chains at the apical ES induce BTB restructuring in which TJ (e.g., occludin), basal ES (e.g., N-cadherin), GJ (e.g., connexin 43), and desmosome (e.g., desmoglein 2) proteins undergo endocytic vesicle-mediated endocytosis, transcytosis, and recycling. In this way, the 'old' BTB proteins located above the preleptotene spermatocytes being transported across the barrier can be recycled to assemble a 'new' BTB behind these germ cells, prior to the degeneration of the 'old' BTB. As such, the events of spermiation and BTB remodeling which allow the release of sperm and the transport of preleptotene spermatocytes that occur at the opposite ends of the epithelium and take place simultaneously at stage VIII of the cycle, respectively, are functionally supporting one another.
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www.reproduction-online.org Reproduction (2016) 151 R29-R41 Cheng & Mruk (2010 , 2012 ). Thus, in order to better understand the biology of the BTB, the regulation of the Sertoli cell cytoskeletons that constitute the BTB must be elucidated. It is obvious that remodeling of the BTB to support preleptotene spermatocyte transport and the selective entry of biomolecules into the adluminal compartment requires rapid conversion of the actin microfilaments between their 'bundled' to 'unbundled/ branched' configuration. In the sections below, recent findings regarding cytoskeletal remodeling regulated by different ABPs are evaluated.
Functions of the BTB
BTB provides a barrier that restricts the flow of small biomolecules, ions, sugars, and other substances including water between the basal and the apical compartments (transcellular barrier), and also between adjacent Sertoli cells (paracellular barrier). Studies have compared the composition of the seminiferous tubule fluid recovered from the tubule lumen or rete testis fluid in the rete testis compartment vs the interstitial fluid in the interstitial space and blood plasma, and showed that they are considerably different (Setchell & Waites 1975 , Setchell 1980 , Turner et al. 1984 . It was reported that the protein content of rete testis fluid, seminiferous tubule fluid, interstitial fluid, and serum of adult rats was about 0.6, 30, 40, and 60 mg/ml respectively (Cheng et al. 1986 ). These differences are contributed by the BTB as well as by the ability of the epithelial cells of different compartments (e.g., rete testis and seminiferous tubules) to secrete (or re-absorb) different proteins and fluid into (or from) the lumen. Besides these obvious functions of the BTB, it also confers polarity to the Sertoli cell in the seminiferous epithelium. One of the most typical features of Sertoli cell polarity is the conspicuous presence of the nucleus near the basement membrane.
Other organelles, such as phagosomes and Golgi apparatus, are also located mostly near the basolateral region of the Sertoli cell. The BTB also physically divides the seminiferous epithelium into the apical and basal compartment in which the events of meiosis I/II and spermiogenesis all take place in a specialized microenvironment, namely, the apical (adluminal) compartment. It is known that the BTB segregates post-meiotic spermatids from cells in the basal compartment (e.g., SSCs, undifferentiated and differentiated spermatogonia, and preleptotene spermatocytes) and cells in the interstitium (e.g., resident macrophages, Leydig cells, endothelial cells of the microvessels, and fibroblasts), thereby sequestering late stage spermatocyte-and spermatid-specific antigens from the systemic circulation. Studies have shown that the BTB likely contributes relatively little to confer the immune privilege status of the testis by sequestering germ cell antigens from the systemic circulation (for reviews, see O'Bryan & Hedger (2008) and Meinhardt & Hedger (2011) ), since it is known that autoantigenic germ cells (e.g., SSC, spermatogonia and preleptotene spermatocytes) reside in the basal compartment, located outside the BTB (Yule et al. 1988) . In fact, many cancer/testis antigens (most are products of oncogenes) are abundantly expressed by germ cells in the apical compartment (e.g., zygotene/ pachytene/diplotene spermatocytes, round/elongating/ elongated spermatids, and spermatozoa) as well as those in the basal compartment (for reviews, see Simpson et al. (2005) and ). It is of interest to note that the microenvironment in the apical compartment created by the BTB is essential to maintain meiosis and spermiogenesis, since irreversible disruption of the BTB is known to cause infertility, such as sterility caused by toxicants glycerol and cadmium (Setchell & Waites 1970 , Hew et al. 1993 , Wiebe et al. 2000 , and also a potential male contraceptive adjudin when used at an acute high dose (Mok et al. 2012) , which are known to induce permanent BTB damage. Other studies have shown that the immune privilege status of the testis is likely contributed mostly by biological factors (e.g., cytokines) secreted by Sertoli cells (or primary cultures of Sertoli cells but not Sertoli cell line), making Sertoli cells a prime candidate to serve as immunosuppressive cells for allogeneic and also xenogeneic transplantation (Dufour et al. 2004 , 2008 , Mital et al. 2010 , Kaur et al. 2013 . In fact, recent studies have demonstrated successful long-term stability of Sertoli cell-based cell transplant therapy for several pathological conditions (Luca et al. 2013 (Luca et al. , 2015 . In short, unlike other bloodtissue barriers which are conferred mostly by endothelial TJ barrier of microvessels, BTB is constituted by coexisting TJ, basal ES, and GJ, along with intermediate filament-based desmosome between adjacent Sertoli cells near the basement membrane in the epithelium of seminiferous tubules.
Cytoskeletons of the BTB
As briefly reviewed above, one of the most prominent features of the BTB vs other blood-tissue barriers by electron microscopy is the prominent presence of actin microfilament bundles and microtubules (MTs) between Sertoli cells near their cortical zone that constitute the barrier ( Fig. 1 ) (for reviews, see Fawcett 1975 , Vogl et al. 2008 . Thus, it is envisioned that these two cytoskeletons are playing a crucial role in BTB physiology during the epithelial cycle (Tables 1 and 2 ). In fact, the significance of actin-and MT-based cytoskeletons in maintaining the ES and tubule integrity has been reported almost three decades ago in studies using toxicants that are known to disrupt actin or MT filaments (Russell et al. 1981 . Studies using environmental toxicants (e.g., 2, 5-hexanedione and carbendazim) have also demonstrated that the MT-based cytoskeleton in Sertoli cells is the primary target of these toxicants. In short, 2, 5-hexanedione and/or carbendazim induce germ cell R32 N Li and others maturation arrest, disruption of fluid secretion by Sertoli cells leading to tubule atrophy, failure in spermatid transport, and an increase in cell apoptosis, thereby causing progressive germ cell exfoliation (for reviews, see Boekelheide et al. (2003) and Johnson (2014) ). Other studies have also illustrated the disruption of actin microfilaments by cadmium and glycerol leads to TJ fibrils truncation, defragmentation of actin microfilaments, and BTB disruption, coinciding with germ cell exfoliation (Hew et al. 1993 , Wiebe et al. 2000 , since many of the adhesion protein complexes at the BTB utilize actin filaments for attachment (for a review, see Cheng & Mruk (2002) ). Interestingly, many of the toxicant-mediated defects in spermatogenesis are shared by other male contraceptive drugs under development such as adjudin which are known to exert their effects behind the BTB in the adluminal compartment (for a review, see Cheng (2014) ). Studies performed in the past decade have shown that the actin-based cytoskeleton is also a target of toxicants (for a review, see Johnson (2014)), in particular adjudin (for a review, see Cheng (2014) ). Interestingly, the precise mechanism(s) by which cytoskeletons are disrupted following exposure of male rodents and/or humans to environmental toxicants remains largely unexplored until recent years. It is noted that actin microfilaments at the basal ES confer the adhesive strength of Sertoli cell-cell junctions at the BTB which also serve as the attachment site for adhesion protein complexes of the TJ (e.g., occludin-ZO-1), basal ES (e.g., N-cadherin-b-catenin), and GJ (e.g., connexin 43) (for reviews, see Cheng & Mruk (2002) and Mruk & Cheng (2004) ). Actin microfilaments, similar to MTs, are also polarized structures in mammalian cells including Sertoli cells in which the fast-growing end is called the barbed end and the slow-growing end is known as the pointed end (for reviews, see Pellegrin & Mellor 2007 , Schnittler et al. 2014 . Studies have shown that actin dynamics are regulated by a number of ABPs, some of which, besides having affinity to bind to actin microfilaments, are regulatory proteins (Table 1) .
On the other hand, MTs serve as the rails (or tracks) in Sertoli cells for germ cell transport (most notably spermatids), phagosome transport, as well as for intracellular transport involved in organelle positioning, cell shape, cell polarity, cell division, and endocytic vesicle-mediated trafficking (for reviews, see Vogl et al. (2014)). MTs are also polarized structures in Sertoli cells with the fast-growing plus (C) end and the slow-growing minus (K) ends located near the basement membrane in the basal compartment and near the tubule lumen in the apical compartment respectively. MT dynamics are also regulated by a number of MT-binding proteins, yet few studies are found in the literature that investigate the role of these MT-binding proteins on MT dynamics in the testis (Table 2 ) (for reviews, see Tang et al. (2013 Tang et al. ( , 2015a and O'Donnell & O'Bryan (2014) ). Nonetheless, both cytoskeletal filaments undergo extensive re-organization involving polymerization (i.e., nucleation), depolymerization, stabilization, bundling, capping, branching, and severing/cleavage so that their configuration and/or organization can be rapidly altered in Sertoli cells in response to changes of the epithelial cycle, similar to other mammalian and non-mammalian cells (Lie et al. (2015) and Tang et al. (2015a) ). For instance, a recent report has shown that a knockdown of end-binding protein 1 ((EB1), a member of the growing plus (C) end-tracking protein (CTIP) (for reviews, see Akhmanova & Steinmetz (2010) and Jiang & Akhmanova (2011) )), which is known to promote MT stabilization and to serve as an adaptor to recruit other CTIP proteins to the growing MT plus ends (Tamura & Draviam 2012) , not only affects the organization of MTs but also actin microfilaments in Sertoli cells (Tang et al. 2015b) (Table 2 ). In short, EB1 knockdown causes retraction of microtubules from cell cytosol including the cortical zone that support Sertoli cell-cell contacts to be closer to the cell nucleus, this in turn perturbs the Sertoli cell TJ-permeability function (Tang et al. 2015b) . Interestingly, EB1 knockdown also causes defragmentation of actin microfilaments, leading to disorganization of actin filament bundles at the ES; this thus destabilizes adhesion proteins at the Sertoli cell TJ and basal ES including CAR, ZO-1, and N-cadherin, contributing to a failure of TJ barrier function (Tang et al. 2015b) . Collectively, these findings support the notion that the actin and MT cytoskeletons are working in concert to support spermatogenesis, and that EB1 is likely to be one of the proteins which mediates the necessary cross-talk between the two cytoskeletons and to stabilize both MTs and actin microfilaments.
Regulation of BTB actin-based cytoskeleton by ABPs and protein kinases
Introduction As briefly reviewed above, there are few published studies that examined the regulation of MT-based cytoskeleton except for katanin (a MT cleavage protein, its mutation leads to infertility in males by causing failure in spermiogenesis in mice and humans ), microtubule affinityregulating kinase 4 (MARK4, a MT-stabilizing protein whose down-regulation induced by adjudin leads to spermatid exfoliation from the seminiferous epithelium in adult rats (Tang et al. 2012) ), and EB1 (aCTIP that promotes plus end polymerization of MT (Tang et al. 2015b) ). Since the involvement of MT in BTB function has recently been reviewed (for reviews, see O'Donnell (2014) and Tang et al. (2015a) ), we focus our discussion on the actin-based cytoskeleton herein, since there are more recent published findings on this subject that have not been reviewed. We also provide a model herein (Fig. 2) which can serve as a helpful guide to investigators in the field.
Actin binding proteins
As noted above, the best studied ABPs in the testis that play crucial roles in BTB regulation are actin-bundling proteins (e.g., epidermal growth factor receptor pathway substrate 8 (Eps8), palladin, fascins, plastins, and ezrin) and branched actin nucleation proteins (e.g., actinrelated protein 2/3 (Arp2/3) and N-WASP) ( Table 1 ).
R34 N Li and others
These two groups of proteins modulate the conversion of actin microfilaments between their bundled and unbundled/branched configuration, thereby conferring plasticity to the basal ES, which is necessary to facilitate the transport of preleptotene spermatocytes across the BTB. This rapid conversion of actin microfilaments between the bundled and unbundled/branched configuration also supports other intracellular trafficking events including the transport of organelles (e.g., transport of engulfed residual bodies by Sertoli cells near the tubule lumen at stage VIII of the cycle in the apical compartment to the basal compartment while transforming into phagosomes) and endocytic vesicle-mediated trafficking events involved in protein endocytosis, transcytosis, and recycling. In fact, the basal ES generates an ultrastructure known as the basal tubulobulbar complex, representing giant endocytic vesicles used for protein trafficking which can be readily detected by fluorescence or electron microscopy (Russell 1979 , Xiao et al. 2014b ) (for reviews, see Vogl et al. (2008 Vogl et al. ( , 2013 ). As such, proteins at the degenerating 'old' BTB above preleptotene spermatocytes connected in clones (Weber & Russell 1987 ) that are being transported across the barrier can be recycled to assemble the 'new' BTB behind these spermatocytes (Yan et al. 2008a , Smith & Braun 2012 ) (for reviews see Mruk & Cheng (2004) and Cheng & Mruk (2010) ) (Fig. 2) . Thus, proteins at the BTB that serve as building blocks do not require continuous de novo synthesis throughout the epithelial cycle to avoid exhausting the limited metabolic resources and ability of the Sertoli cells. This is necessary, since each Sertoli cell is required to nurture w30-50 germ cells at different stages of their development during the epithelial cycle (Weber et al. 1983 ).
Actin-bundling proteins
As noted above, ES is constituted conspicuously by an array of actin microfilament bundles found on both sides of the adjacent Sertoli cells near the basement membrane that support TJ and GJ to confer the barrier function of the BTB (Fig. 1) . It is not unusual that these structures are maintained by actin-bundling proteins. Indeed, Eps8 (also an actin-barbed end-capping protein that reduces actin microfilament branching) (Lie et al. 2009a) , palladin (Qian et al. 2013a) , ezrin (GungorOrdueri et al. 2014a), plastin 3 (Li et al. 2015a) , fascin 1 (Gungor-Ordueri et al. 2014b), and formin 1 (also an actin nucleation protein that promotes microfilament elongation besides conferring bundling of actin microfilaments) (Li et al. 2015b) recently have been shown to be actively involved in actin microfilament bundling in Sertoli cells (Table 1) and to confer Sertoli cell TJ-permeability barrier function, since their knockdown by RNAi is known to induce reorganization of actin microfilaments including defragmentation and disorganization. These changes thereby destabilize cell adhesion protein complexes at the BTB (e.g., occludin-ZO-1 and N-cadherin-b-catenin), causing their re-distribution so that they no longer localize strictly near the cell surface to support cell adhesion but being internalized to the cell cytosol. The net result of these changes perturbs the Sertoli cell TJ barrier function. In this context, it is of interest to note that these changes involve an intriguing alteration on the spatiotemporal expression of several actin-bundling and branched actin-inducing proteins. For instance, a knockdown of plastin 3 by RNAi that causes unbundling and defragmentation of actin microfilaments across the Sertoli cell cytosol is the result of a down-regulation of actin-bundling/-barbed end-capping protein Eps8 and also actin-bundling protein palladin at the Sertoli cell-cell interface, which are coupled with an internalization of branched actin polymerization protein Arp3 (Li et al. 2015a) . These findings thus illustrate that actin-bundling proteins are working in concert as a set of regulators to support actin microfilament bundles at the basal ES to confer BTB function, possibly via their spatiotemporal expression across different microdomains of the Sertoli cell, in particular at the site near the tunica propria. Studies in vivo also support the notion that these actin-bundling proteins are involved in conferring actin microfilament bundles in the seminiferous epithelium to support basal ES/BTB function. For instance, the expression of Eps8, plastin 3, fascin 1, and formin 1 is stage-specific, being highest in stages V-VII, but rapidly and considerably diminished in late stage VII through early stage VIII (Lie et al. 2009a , 2015a ,b, Gungor-Ordueri et al. 2014b ). This stage-specific downregulation of actin-bundling proteins thus support re-organization of the basal ES to facilitate BTB restructuring so that preleptotene spermatocytes can be transported across the BTB in stage VIII of the epithelial cycle (Fig. 2) .
Branched actin nucleation proteins
The best studied branched actin polymerization protein in the mammalian tissues and cells is the Arp2/3 complex which when activated by N-WASP upstream, the complex induces barbed end nucleation, effectively converting actin microfilaments from a bundled to a branched configuration (for reviews, see Derivery & Gautreau 2010 (Table 1 ). The Arp2/ 3 complex, when it is working in concert with bundling proteins such as palladin, Eps8, ezrin, and plastin, they confer plasticity to the actin-based cytoskeleton, necessary for cell motility, cell division, development, and also endocytic vesicle-mediated protein trafficking (for reviews, see Dawson et al. 2006 , Blanchoin et al. 2014 , Caceres et al. 2015 , Coticchio et al. 2015 . As depicted in Fig. 2 , Arp3 has been shown to work in coordination with the actin-bundling proteins so that these two ABPs provide an effective mechanism to facilitate the transport of preleptotene spermatocytes. For instance, the (Li et al. 2015a) at the basal ES/BTB to a level that is virtually non-detectable at stage VIII to facilitate the breakdown of actin microfilament bundles at the site is associated with a steady expression of Arp3 (Lie et al. 2010b) ; the net result thus favors endocytic vesiclemediated protein trafficking (for reviews, see Dawson et al. (2006) and Cheng & Mruk (2010) ) so that adhesion proteins from the 'old' BTB near the apical region of preleptotene spermatocytes can be endocytosed, transcytosed, and recycled to establish the 'new' BTB behind the germ cells (Yan et al. 2008a , Smith & Braun 2012 (Fig. 2) . Nonetheless, this hypothesis requires additional experiments to confirm in future studies. Furthermore, much work is needed to identify other crucial players to be involved in these cellular events.
c-Src and c-Yes
Studies have shown that Src family kinase (SFK) signaling (including c-Src and c-Yes) are involved in actin-based cytoskeletal dynamics in mammalian cells and tissues including the Sertoli cell BTB (for reviews, see Lavoie et al. (2010) and Xiao et al. (2012) ). For instance, treatment of Sertoli cells with an established TJ-permeability barrier using SU6656 at 20 nM, a selective inhibitor of c-Yes with an IC50 at 20 nM vs Src, Fyn, and Lyn (all are members of SFK family) at 280, 170, and 130 nM respectively (Blake et al. 2000 , Bowman et al. 2001 , has been shown to cause defragmentation of actin microfilaments across the Sertoli cell cytosol and also retraction of F-actin from cell cortical zone to cell cytosol, but the presence of testosterone protects Sertoli cells from the disruptive effects of the c-Yes inhibitor ). These observations were subsequently confirmed by c-Yes specific knockdown by RNAi, since the silencing of c-Yes by w70% indeed perturbed F-actin organization in Sertoli cells, leading to actin microfilament defragmentation (Xiao et al. 2013 ). As such, TJ protein occludin and basal ES protein N-cadherin no longer tightly associate with the BTB, leading to BTB disruption based on an in vivo study (Xiao et al. 2013) . Studies using biochemical assays and knockdown of c-Yes or c-Src using specific siRNA duplexes vs nontargeting negative control duplexes to monitor protein endocytosis, recycling, and degradation, c-Yes has been shown to promote endocytosed integral membrane proteins (e.g., JAM-A and CAR) to the pathway of transcytosis and recycling, whereas c-Src promotes intracellular degradation of endocytosed proteins at the Sertoli cell BTB (Xiao et al. 2014b) . Collectively, these findings illustrate that c-Src and c-Yes are working in concert to modulate F-actin organization at the Sertoli cell BTB, in particular their role in endocytic vesiclemediated protein trafficking to determine the fate of endocytosed proteins differentially as depicted in a working model in Fig. 2 . , are crucial regulators of ES including the basal ES/BTB and the apical ES in the rat testis (for reviews, see Wan et al. (2014) and Xiao et al. (2014a) ). For instance, p-FAK-Tyr 407 is highly expressed at the basal ES/BTB in the testis based on studies using dual-labeled immunofluorescence analysis and confocal microscopy (Lie et al. 2012) . p-FAK-Tyr 407 also modulates the intrinsic branched actin nucleation activity of the Arp2/3 complex in Sertoli cells cultured in vitro with an established functional TJ barrier (Lie et al. 2012) , illustrating that p-FAK-Tyr 407 is involved in actin microfilament organization at the ES. Indeed, consistent with these findings, Sertoli cell-specific deletion of N-WASP in the mouse testis, the upstream activator of the Arp2/3 complex, also leads to male infertility (Rotkopf et al. 2011) , due to a failure in spermiogenesis and a permanent BTB disruption (Xiao et al. 2014c) , possibly the result of a loss of plasticity of the F-actin network to be able to convert between bundled and unbundled/branched configuration. Also, a loss of the ability of Sertoli cells in the seminiferous epithelium to re-organize actin microfilaments following N-WASP Sertoli cell-specific knockout (KO) in mice also leads to a considerable reduction of p-FAK-Tyr 438 (which corresponds to p-FAK-Tyr 407 in the rat testis), since the disorganized F-actin network at the BTB fails to support proper spatiotemporal expression of p-FAK-Tyr 438 to confer BTB function (Xiao et al. 2014c) . Collectively, these findings thus illustrate an intimate functional relationship between F-actin organization and p-FAKTyr 407 . In fact, Arp3 may be a putative substrate of p-FAK-Tyr 407 in the rat testis, which should be carefully evaluated in future studies. Figure 2 also depicts the likely involvement of p-FAK-Tyr 407 in regulating actin microfilament organization at the Sertoli cell BTB in the rat testis.
Focal adhesion kinase
Regulation of the BTB via the apical ES-BTBbasement membrane axis
Earlier studies have shown that the events of spermiation and BTB remodeling that occur at the opposite ends of the seminiferous epithelium at stage VIII of the epithelial cycle are coordinated via a local functional axis known as the apical ES-BTB-basement membrane axis (Yan et al. 2008b) . In short, fragments of laminin chains are generated at the apical ES during its degeneration to facilitate the release of sperm at spermiation, possibly mediated by MMP2 cleavage (Siu & Cheng 2004 ). These fragments have been shown to possess potent biological R36 N Li and others activity to induce BTB restructuring by perturbing the Sertoli cell TJ-permeability barrier function (Yan et al. 2008b) . Subsequent studies have identified the biologically active domain in one of these fragments designated F5 peptide, which is capable of perturbing the Sertoli cell TJ barrier in studies both in vitro and in vivo (Su et al. 2012) , illustrating the physiological significance of this axis in regulating BTB function during spermatogenesis. The model depicted in Fig. 2 illustrates the likely role of these biologically active fragments in coordinating the events of BTB restructuring to facilitate the transport of preleptotene spermatocytes at stage VIII of the epithelial cycle. Since this topic has recently been reviewed (Cheng & Mruk 2010) , we thus only briefly summarize these findings herein. On the other hand, a recent report from our laboratory has demonstrated a biologically active fragment released from collagen chains in the basement membrane, such as the non-collagenous 1 (NC1) domain, which is also a potent regulator to modulate BTB function (Wong & Cheng 2013) , illustrating a functional link between the BTB and the basement membrane. Much work is needed to understand the role and the biology of biologically active laminin chains generated at the apical ES, and NC1 domain released from collagens in the basement membrane, to modulate basal ES/BTB function in the testis.
Future perspectives and concluding remarks
As briefly discussed herein, the BTB in the mammalian testis is regulated by cytoskeletons. There is accumulating evidence that MT-based cytoskeleton is also involved. For instance, the knockdown of EB1(a MTCTIP) that is known to stabilize MTs in Sertoli cells has been shown to perturb the Sertoli cell TJ barrier function by disorganizing MT configuration, in which MTs no longer stretch across the Sertoli cell cytosol but retract closer to the cell nuclei (Tang et al. 2015b) . Furthermore, actin microfilament defragmentation and disorganization are also noted in Sertoli cells following EB1 knockdown, which are mediated by changes in the spatiotemporal expression of Arp3 in which Arp3 is considerably expressed in cell cytosol, closer to the cell nucleus instead of at the cortical zone as in control Sertoli cell epithelium (Tang et al. 2015b ). Thus, F-actin microfilaments no longer assume a conspicuous bundled configuration that stretch across the entire Sertoli cell following EB1 knockdown (Tang et al. 2015b) , illustrating EB1 can also modulate actin microfilament organization. There is mounting evidence in the literature to suggest that some of the MT or actin microfilament regulatory proteins modulate both cytoskeletons such as in neurons (for a review, see Coles & Bradke (2015) ). For instance, formin 1, a barbed end actin nucleation protein that promotes actin polymerization to form long stretches of actin microfilaments that plays a critical role in ES dynamics including the basal ES/BTB in the rat testis (Li et al. 2015b) , is also an emerging ABP that regulates MT dynamics (for a review, see Chesarone et al. (2010) ). The model depicted in Fig. 2 illustrates the likely interactions between different classes of regulatory proteins (e.g., actin-bundling proteins, branched actin polymerization proteins, and non-receptor protein kinases) to modulate cytoskeletal functions at the basal ES/BTB to regulate the transport of preleptotene spermatocytes across the barrier. It is obvious that these proteins (Tables 1 and 2 ) can now be investigated as a whole to better understand the precise mechanism(s) by which each class of these proteins is interacting with the other to modulate junction remodeling at the BTB. There are many questions that remain unanswered. For instance: What is the precise mechanism through which FAK, c-Src, and c-Yes interact with one another to modulate ABPs and other MT binding proteins? Is this mediated by protein phosphorylation to unleash the intrinsic activities of these ABPs, such as bundling activity of palladin? Are these events regulated by cytokines and/or testosterone or other biomolecules? How do Sertoli cells across the seminiferous epithelium coordinate with one another during the epithelial cycle to modulate their cytoskeletal organization? Is this mediated by intercellular bridges? If it is, what are the biomolecules that trigger this coordination? It is likely that many of these questions will be answered in the next few years, which will provide a better picture regarding the functional regulation of the BTB to support spermatogenesis. 
